Introduction {#s0005}
============

The venous system of the human penis has been widely studied, and it is generally accepted that a single deep dorsal vein (DDV), accompanied by a pair of dorsal arteries positioned between the Buck's fascia and the tunica albuginea, facilitates venous drainage [@b0005; @b0010]. However, a recent study [@b0015] showed a more complex venous anatomy in which a DDV, a pair of cavernous veins (CVs) and two pairs of para-arterial veins (PAVs) are shown between Buck's fascia and the tunica albuginea. The DDV, consistently located in a median position, receives the blood of the emissary veins from the corpora cavernosa and of the circumflex vein from the corpus spongiosum. It is sandwiched by a pair of CVs, although these lie in a deeper position. Bilaterally, each dorsal artery is sandwiched by its corresponding medial and lateral PAVs, respectively. These veins are independently responsible for draining the sinusoidal blood of the corpora cavernosa into the systemic circulation.

The concept of DDV varicosity was first introduced in the 19th century [@b0020], and the first surgery on the DDV to treat atonic impotence reported in 1902 [@b0025]. Similar attempts were not reported on a larger scale for a further five decades [@b0030], and the surgery did not achieve popularity until 1985 [@b0035]. Penile venous surgery was unfortunately almost abandoned because the general consensus on it as a treatment for erectile dysfunction (ED) was that it only resulted in temporary success, i.e. of 1--2 years. Accordingly, in 1996 and after a meta-analysis of the literature, the clinical guidelines panel of the AUA supported this view and declared that venous surgery was not justified for routine use in treating ED [@b0040]. In hindsight, the eventual recurrence of ED in men treated by venous surgery seemed unavoidable given that knowledge of the venous anatomy remained limited to the traditional understanding [@b0045; @b0050], and given that electrocauterisation was so often used [@b0055; @b0060]. It seems that more accurate knowledge of tunical and venous anatomy is crucial in achieving a favourable surgical outcome [@b0065]. This new insight inspired us to further explore the respective contribution of venous drainage in the corpora cavernosa.

Materials and methods {#s0010}
=====================

The study was approved by the institutional review board of China Medical University, conducted from November 2009 to May 2012, and included 10 male defrosted human cadavers, obtained in the previous 3 months, that were frozen with no formalin fixation and within 10 h of death, and in which the penises were intact. To facilitate venous access, a semi-circumferential incision, followed by a median longitudinal incision ([Fig. 1](#f0005){ref-type="fig"}) was made superficial to Colles' fascia, from the retrocoronal sulcus along the penile shaft to the upper margin of the symphysis pubis. Two 19-G scalp needles were inserted and firmly fixed in place, with 5--0 Nylon sutures at the 3 and 9 o'clock positions, respectively.

One needle was connected to an infusion pump (ML172 peristaltic pump and ML 175 STH pump controller, AD Instruments Pty Ltd., Bella Vista, NSW, Australia) and was used to inject a 10% colloid solution (Haes-steril, Fresenius-Klinik, Bad Homburg, Germany) into the corpora cavernosa, whereas the other needle was used to monitor the intracavernous pressure (ICP) via an intravenous set connected to a negative-feedback pressure-monitoring system. The perfusion rate was recorded ([Fig. 2](#f0010){ref-type="fig"}) while the ICP was set at 90 mmHg before (overall intact reading) and after the DDV, CVs and PAVs were meticulously removed, in sequential order, until they were absent from the corpora cavernosa. Cavernosography was used when required ([Fig. 3](#f0015){ref-type="fig"}).

The new insight into the penile venous anatomy was used as a blueprint for venous removal in this study ([Fig. 4](#f0020){ref-type="fig"}A). Initially, the DDV was thoroughly stripped and ligated, closest to the tunica albuginea, with 5--0 Nylon sutures, distal to the level of the retrocoronal sulcus, where the number of veinlets can be several dozen, and laterally as close as possible to the junction between the corpus spongiosum and the corpora cavernosa. Further dissection was performed with the aid of two 8.0 × 1.6-cm right-angled retractors that were sufficiently long to reach the deep-rooted vessels, which were at least 7-cm deep ([Fig. 4](#f0020){ref-type="fig"}B), until the infrapubic angle was encountered. Similarly, the CVs were resected and ligated, and then the PAVs were segmentally ligated only ([Fig. 4](#f0020){ref-type="fig"}C). Finally, the penile shaft was further released from the pubic angle to expose the penile crura bilaterally, followed by ligation of the penile artery at the branching point of the dorsal artery and cavernous artery proximally. Again, the perfusion rate was recorded while the ICP was fixed at 90 mmHg. The semi-circumferential incision and the median longitudinal incisions were closed with a running 4--0 chromic suture; the cadavers were then fixed in formalin for routine anatomical study by the medical school. Overall, for each cadaver, five readings were recorded for analysis.

Statistical analysis {#s0015}
--------------------

In descriptive statistics, the perfusion rates for the overall haemodynamics (and the individual DDV, CVs and PAVs) were corrected by subtracting the assumed arterial perfusion rate. Their corresponding ratio was calculated by dividing each corresponding number by its corrected perfusion rate of the overall haemodynamics.

Results {#s0020}
=======

Data for one cadaver were excluded because it was used for calibration, and data for another two were excluded due to extreme postmortem changes. [Table 1](#t0005){ref-type="table"} summarises the demographic data of the seven cadavers included in the study. Overall, the mean (range) drainage proportion of the corpora cavernosa was 60.5 (50.3--69.7)%, 11.9 (5.8--22.9)% and 11.4 (5.2--15.0)% via the DDV, CVs and PAVs, respectively. The remaining drainage proportion was 15.6 (14.1--18.1)%.

Discussion {#s0025}
==========

In late 2002 we first attempted a similar haemodynamic study in a clinical setting, in which no prostaglandin was injected. However, it was inconclusive because of inconsistent data resulting from digital compression on the penile crura, a necessary manoeuvre to reduce the induction volume and to avoid cardiac stress, despite the digital compression being applied perfectly in two of the eight patients. The study was then adapted to the penis of formalin-fixed cadavers, whose loss of tissue extensibility made attaining an ICP of 90 mmHg impossible. We subsequently used defrosted fresh cadavers with no formalin fixation, and this new method solved the two dilemmas: First, it circumvented concerns for cardiac health (and precluded the possibility of psychological variables) that are natural to a clinical setting, and second, it eliminated the tissue alteration that occurs in formalin-fixed cadavers. This new model enabled many direct experiments, although there were admittedly few suitable cadavers available, despite the legality of our studies in Taiwan [@b0070]. Initially, we planned to use serial cavernosography for confirmation, but this was not feasible because the contrast medium could not drain from the cadaveric penis. Also, the time required after death for cadavers in the study (the number of recommended hours to wait after a subject's death) is unknown [@b0075]. These small setbacks notwithstanding, we attempted to extend this model to a further haemodynamic study. In addition, the sample size was restricted because there were few cadavers available within our traditional culture.

An ICP of 90 mmHg was chosen for this study because from our extensive experience in haemodynamic studies, both on clinical patients and human cadavers, we know that an ICP of 90 mmHg is the starting point for erection of the penile shaft. This pressure might be optimal for venous drainage from the corpora cavernosa, as an excessively high ICP might impede the venous drainage and an excessively low one might be insufficient to seal off the emissary veins at the transitional zone between the inner and outer longitudinal layer of the tunica albuginea [@b0080]. We chose this value after several attempts in this cadaveric study, although further scientific study is warranted.

To accurately perform this type of study, the method for needle puncture and fixation is crucial. Therefore, a scalp needle puncture is recommended as described, as self-sealing of the cadaveric tissue is impossible, and the subsequent loss of water-tightness of the corpus cavernosum cannot be avoided. We advise that it should not be freely moveable and instead be firmly fixed in place with silk sutures. In addition, the technique for arterial ligation is paramount. It is understandable that the penile arterial supply, both the dorsal and cavernous arteries, is a drainage route rather than a perfusion feeder in cadavers, as there is no blood pressure in the arterial lumen. We ligated the penile artery as the final step of this haemodynamic study to reduce the chance of damaging the tunica albuginea. Such damage would ruin the watertight milieu of the corpora cavernosa necessary for applying Pascal's law, which states that pressure applied to any part of an enclosed fluid at rest is transmitted undiminished to every portion of the fluid and to the walls of the containing vessel [@b0085].

If penile venous stripping surgery is to be used in a clinical setting, care should be taken to spare those tissues critical to postoperative function, such as the nervous tissue, the arterial vessels, and the lymphatic, fibrous and muscle tissues. However, this was not essential in this cadaveric study, and thus it was permissible to detach the collagen or muscle fibres adherent to the penile shaft all the way to the pubic rami, to reduce the operative time. However, during venous surgery the perfect sealing of the emissary stump is more challenging in cadavers. Leaking colloids are readily encountered if the watertight milieu of the corpora cavernosa venous system has not been perfectly preserved. In addition, those veins between the corpora cavernosa and the corpus spongiosum remained untouched in the present study. These facts might partly explain why a significantly higher percentage of residual drainage remained (mean 15.6%, range 14.1--18.1) after both arteries and veins were closed. Furthermore, concerning the bulbospongiosus, ischiocavernosus and perineal muscles [@b0090], previous reports appear to be in general agreement that these muscles can assist in erection via the spongiosus compressing the erectile tissues of the spongiosal bulb [@b0095] and the ischiocavernosus compressing the penile crura, in turn, retarding the return of blood through the veins and thus assisting in maintaining an erection. It appears that this notion should be true.

In the present study an ICP of 90 mmHg was readily achieved in the seven cadavers, and the conventional anatomical knowledge (i.e., the singular significance of a lone DDV distribution) was found to be deficient. We removed the DDV, CVs and PAVs in sequence, leaving the corpora cavernosa intact, to study its independent drainage, which corresponded with clinical imaging observations. This study might help in understanding why a recurrence of ED after venous surgery is by no means unavoidable, as long as the haemodynamic roles of both the CVs and PAVs in the human penis are properly accounted for. In other words, a thorough scrutiny of the penile vasculature shows a complexity that could plausibly account for why physicians overlook 'residual veins' when performing penile venous surgery, and in subsequently misinterpreting these veins as 'recurrent' in the event of a disappointing postoperative result [@b0100].

In conclusion, this study shows the separately significant contributions of the DDV, CVs and PAVs in the drainage of the corpora cavernosa in the human penis. While the DDV does indeed have a predominant role in venous drainage, it is not, as the medical literature depicts, the lone conduit; as our study reveals, the reality of the venous system is much more complex than originally realised. Using this challenging model, we can calculate the probable drainage proportion of individual venous systems.
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Supplementary video 1Cavernosometry was first conducted at the baseline with 10% colloid solution infused at 35 mL/min. The ICP increased to 150.03 mmHg in 1.55 min, which indicated that this cadaver was appropriate for this study. A perfusion rate of 9.8 mL/min was recorded whilst the ICP was then fixed at 90 mmHg. The DDV and CVs were removed meticulously, followed by segmental ligation of the PAVs. Afterwards, a cavernosogram was taken to confirm sufficient venous removal, and using an infusion rate of 35 mL/min the ICP was rapidly increased to 228.13 mmHg in 1 min. A postoperative perfusion rate of 4.1 mL/min was recorded when the ICP was set at 90 mmHg.

This study was inspired by the Microsurgery Potency Reconstruction Group, among whom extensive debate has taken place. We wish to thank Ms Hsiu-Chen Lu for her illustrations, Mrs Yi-Ting Wang, Luan-Hua Ho and Yu-Jen Serena Lin for their preparation of photographs for this manuscript.

Peer review under responsibility of Arab Association of Urology.

![A schematic illustration and photographs of a representative cadaver in the study. (A) An illustration of the surgical approach and the placing of two scalp needles in the corpora cavernosa. A semi-circumferential incision was made, followed by a dorsal median longitudinal incision extending to the upper margin of symphysis pubis. Two 19-G scalp needles were inserted and firmly fixed in place with 4--0 silk sutures at the 3 and 9 o'clock positions, respectively. One was connected to monitor the ICP, whereas the other was used for infusion of a 10% colloid solution. (B) A representative photograph of a cadaver. This penis was well-prepared with the necessary arrangement depicted in Panel A. It was ready for the overall haemodynamic study with the ICP simultaneously measured. (C) The penis was infused with the 10% colloid solution and the flow rate was recorded, while the ICP oscillated around 90 mmHg. A ventral curvature was characteristic in this cadaver.](gr1){#f0005}

![A perfusion rate recording of a representative cadaver (No. 6 in [Table 1](#t0005){ref-type="table"}). (A) An overall haemodynamic study was first made and the perfusion rate was measured as 94.0 mL/min (arrow) while the ICP was oscillating around 90 mmHg. The upper tracing shows the ICP (mmHg), and the lower one represents the infusion flow of 10% colloid solution. (B) This tracing was likewise made after the DDV and its branches were removed. The perfusion rate was 36.5 mL/min (arrow). (C) Similarly, the perfusion rate of 30.1 mL/min (arrow) was recorded after the CVs were stripped and then ligated. (D) The PAVs were ligated segmentally only. Again a perfusion rate of 16.5 mL/min (arrow) was recorded. (E) Finally, the penile artery was identified and ligated at the branching point of the dorsal and cavernous artery proximally. The perfusion rate was 13.3 mL/min (arrow). It was used for calculating the assumed arterial perfusion rate, and a corrected perfusion rate was made in each setting.](gr2){#f0010}

![Cavernosograms taken in the cadaver of a 67-year-old man. (A) While the tip of a 19-G scalp needle (black asterisk) was positioned in the corpus cavernosum (white asterisk) the DDV (black arrows) is shown after injection with the contrast medium. Note that the femoral vein (cross) was full of blood clots in this defrosted cadaver. (B) Those venous tissues on Panel A were difficult to see after the PAVs were removed and the corpora cavernosa (white asterisk) was better opacified.](gr3){#f0015}

![An illustration and photographs of penile venous stripping surgery. (A) This illustration stresses the positions of the ligatures placed on the venous stumps to render a watertight milieu of the corpora cavernosa and thus enable the application of Pascal's law. The DDV system was first removed, followed by the CV system, and the PAVs which were ligated only, in sequence. The sites of these ligatures should be as close to the tunica albuginea as possible. Finally, the penile artery was ligated at the branching point of the dorsal and cavernous artery proximally. Care should be taken, as a rupture of the tunica albuginea would ruin the watertight milieu necessary to apply Pascal's law. (B) Ongoing penile venous surgery; the DDV (left arrow) was first stripped and ligated closest to the tunica albuginea with 5--0 Nylon sutures, then the CV (right arrow) was similarly treated after cavernosometry. It was continued as proximal as possible. (C) The PAVs were segmentally ligated while the medial and lateral ones (inserted arrows) were meticulously treated after removing of the DDA and CV, which left a dorsal groove (arrows).](gr4){#f0020}

###### 

Summary data of the perfusion rate for an ICP of 90 mmHg in seven defrosted cadavers.

  No. (age, years)   Cause of death   TOD (h)   Overall haemodynamics (PR, CPR,%)[a](#tblfn1){ref-type="table-fn"}   DDV removal (PR, CPR,%)[b](#tblfn2){ref-type="table-fn"}   CVs removal (PR, CPR,%)[c](#tblfn3){ref-type="table-fn"}   PAVs ligation (PR, CPR,%)[d](#tblfn4){ref-type="table-fn"}   After arterial ligation (PR, CPRAC)^e^   Remaining percentage
  ------------------ ---------------- --------- -------------------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ------------------------------------------------------------ ---------------------------------------- ----------------------
  1 (40)             Homicide         9.5       29.0, 26.2, 100                                                      15.6, 12.8, 51.1                                           9.6, 6.8, 22.9                                             6.5, 3.7, 11.8                                               3.7, 2.8                                 14.1
  2 (47)             Colon cancer     8.8       32.7, 30.2, 100                                                      12.8, 10.3,65.9                                            9.7, 7.2, 10.3                                             7.0, 4.5, 8.9                                                4.5, 2.5                                 14.9
  3 (58)             Suicide          10.0      45.5, 42.1, 100                                                      20.3, 16.9, 59.9                                           15.3,11.9, 11.9                                            10.5, 7.1, 11.4                                              7.1, 3.4                                 16.9
  4 (59)             Lung cancer      9.0       24.6, 23.3, 100                                                      10.5, 9.2, 60.5                                            5.7, 4.4, 20.6                                             4.5, 3.2, 5.2                                                3.2, 1.3                                 13.7
  5 (70)             Renal cancer     9.0       15.8, 15.5, 100                                                      5.0, 4.7, 69.7                                             4.1, 3.8, 5.8                                              3.1, 2.8, 6.5                                                2.8, 0.3                                 18.1
  6 (87)             Liver cancer     7.0       94.0, 90.8, 100                                                      36.5, 33.3, 63.3                                           30.1, 26.9, 7.0                                            16.5, 13.3, 15.0                                             13.3, 3.2                                14.6
  7 (67)             AMI              6.0       39.3, 35.4, 100                                                      21.5, 17.6, 50.3                                           14.7, 10.8, 19.2                                           9.8, 5.9, 13.8                                               5.9, 3.9                                 16.7
  Mean                                                                                                                                                                                                                                                                                                                                           
  \(60\)             NA               9.0       30.2                                                                 60.5                                                       11.9                                                       11.4                                                         2.8                                      11.6
  (range)                                       (15.5--90.8)                                                         (50.3--69.7)                                               (5.8--22.9)                                                (5.2--15.0)                                                  (0.3--3.9)                               (14.1--18.1)

PR, perfusion rate; CPR, corrected perfusion rate, mL/min for maintaining an ICP of 90 mmHg; %, drainage percentage of each corresponding component. AMI, acute myocardial infarction; NA, not applicable; TOD, interval after death before being refrigerated; CPRAC, calculated perfusion rate of the arterial contribution (mL/min) as it is assumed that the penile artery is a drainage source in cadavers. This was done after penile arterial ligation. Data derived.

Before venous removal.

After removal of the DDV.

After removal of the CVs.

After ligation of the PAVs.
